Hematopoietic pre-B cell leukemia transcription factor interacting protein (HPIP) has been shown to play an important role in the development and progression of some cancers. However, the role of HPIP in gastric cancer (GC) is unclear. Here, we show that HPIP is upregulated in most GC patients and promotes GC cell proliferation, migration, and invasion. In GC patients, HPIP positively associates with tumor size and nodal metastasis, and negatively associates with tumor differentiation. Hematopoietic pre-B cell leukemia transcription factor interacting protein increases GC cell proliferation through activation of G 1 ⁄ S and G 2 ⁄ M cell cycle transitions, accompanied by a marked increase of the positive cell cycle regulators, including cyclin D1, cyclin A, and cyclin B1. Hematopoietic pre-B cell leukemia transcription factor interacting protein enhances GC cell migration and invasion, and modulates epithelial-mesenchymal transition, which plays a key role in cancer cell migration and invasion. These data underscore the critical role of HPIP in GC cell proliferation and progression and suggest that HPIP inhibition may be a useful therapeutic strategy for GC treatment.
Hematopoietic pre-B cell leukemia transcription factor interacting protein (HPIP) has been shown to play an important role in the development and progression of some cancers. However, the role of HPIP in gastric cancer (GC) is unclear. Here, we show that HPIP is upregulated in most GC patients and promotes GC cell proliferation, migration, and invasion. In GC patients, HPIP positively associates with tumor size and nodal metastasis, and negatively associates with tumor differentiation. Hematopoietic pre-B cell leukemia transcription factor interacting protein increases GC cell proliferation through activation of G 1 ⁄ S and G 2 ⁄ M cell cycle transitions, accompanied by a marked increase of the positive cell cycle regulators, including cyclin D1, cyclin A, and cyclin B1. Hematopoietic pre-B cell leukemia transcription factor interacting protein enhances GC cell migration and invasion, and modulates epithelial-mesenchymal transition, which plays a key role in cancer cell migration and invasion. These data underscore the critical role of HPIP in GC cell proliferation and progression and suggest that HPIP inhibition may be a useful therapeutic strategy for GC treatment.
G astric cancer (GC) is one of the most common malignant tumor types in the world, (1) According to global cancer statistics, GC is the fourth most common malignancy and the second leading cause of cancer death worldwide. (2, 3) In China, the incidence of gastric cancer ranks third among all malignancies and its mortality rate is 26.3 per 100 000 people. (4, 5) Thus, investigation of genetic alterations underlying GC tumorigenesis and progression is essential to individual treatment of GC. Although it has been established that gastric tumor progression is associated with a multistep process involving the activation of oncogenes and the inactivation of tumor suppressor genes, (6, 7) our understanding of the molecular mechanisms underlying the development and progression of GC remains limited.
Hematopoietic pre-B-cell leukemia transcription factor interacting protein (HPIP), also known as pre-B-cell leukemia homeobox-interacting protein 1, was identified by a yeast twohybrid screen using a human hematopoietic cDNA-based library. (8) The HPIP protein has been shown to be involved in organogenesis and tumorigenesis. (9, 10) It is overexpressed in breast infiltrative ductal carcinoma, astrocytoma, and oral squamous cell carcinoma, and promotes cancer cell proliferation, adhesion, and migration. (11) (12) (13) Our recent studies showed that HPIP is overexpressed in liver cancer and promotes hepatoma cell proliferation through activation of G 2 ⁄ M cell cycle transition. (14) However, the role of HPIP in gastric cancer is unclear.
In this study, we show that expression of HPIP is upregulated in GC tissues compared with matched non-cancerous tissues and, more importantly, HPIP expression associates with some important clinicopathologic factors in GC patients. Hematopoietic pre-B-cell leukemia transcription factor interacting protein promotes GC cell proliferation through activation of G 1 ⁄ S and G 2 ⁄ M cell cycle transitions, accompanied by alteration of expression of important cell cycle regulators. Moreover, HPIP enhances GC cell migration and invasion, and induces GC cell epithelial-mesenchymal transition (EMT), a critical player in regulating cancer cell invasive phenotype.
Materials and Methods
Immunohistochemical analysis. Gastric cancer and adjacent non-cancerous tissues were obtained from Shandong Cancer Hospital and Institute (Jinan, China), with approval and supervision by the Research Ethics Committee of Shandong Cancer Hospital and Institute. Written informed consent was obtained from all patients prior to operation. The immunohistochemical procedure was carried out as described previously. (15) Briefly, antigen retrieval was carried out using microwave treatment, and sections were then incubated with rabbit anti-HPIP antibody (Proteintech, Chicago, IL, USA) at a dilution of 1 ⁄ 100. Bound primary antibodies were detected by the addition of biotinylated goat anti-rabbit secondary antibody and streptavidin-HRP (Zymed Laboratories, South San Francisco, CA, USA). The color was visualized with 3,3 0 -diaminobenzidine (Sigma, St Louis, MO, USA). The samples were counterstained with hematoxylin. Purified IgG from normal rabbit serum (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used as a negative control. The results were evaluated independently by two pathologists blinded to the origin of the specimen. The widely accepted German semiquantitative scoring system in considering the staining intensity and area extent was used: 0, no staining; 1, weak staining; 2, moderate staining; and 3, strong staining. In addition, the percentage of staining was given a score: 0, <5%; 1, 5-25%; 2, 25-50%; 3, 51-75%; and 4, >75%. The two scores mentioned above were multiplied as the final score. For HPIP, we defined a score of 0-2 as negative and 3-12 as positive.
Plasmids, cell lines, and reagents. MGC803 (well differentiated adenocarcinoma), SGC7901 (moderately differentiated adenocarcinoma), and BGC823 (poorly differentiated adenocarcinoma) were purchased from Cell Resource Centre of the Chinese Academy of Sciences (Shanghai, China). MKN-1 (well differentiated adenosquamous carcinoma) was provided by the Riken BRC Cell Bank (Tsukubashi, Japan). Stable cell lines overexpressing HPIP were obtained by lentiviral transduction using pCDH plasmid (System Biosciences, Mountain View, CA, USA). Stable HPIP knockdown cell lines were produced by inserting HPIP shRNA fragments into the lentiviral vector pSIH-H1-Puro (System Biosciences). The sequence of HPIP shRNA has been described previously. (16) Lentivirus was made by transfection of the 293T producer cell line with the lentiviral vector and packing vector mix (System Biosciences). Lentivirus was harvested 48 h later, and added to GC cells. Stable cell lines expressing HPIP or HPIP shRNA were selected with puromycin for 48 h after infection. Individual clones were screened by immunoblot with anti-HPIP. Similar results were obtained with pooled clones. Anti-E-cadherin and anti-N-cadherin were obtained from BD Biosciences, San Jose, CA, USA; Anti-vimentin was purchased from Cell Signaling Technology, Danvers, MA, USA, anti-HPIP was gained from Proteintech, and anti-cyclin A, anti-cyclin B1, anti-cyclin D1, and anti-GAPDH were purchased from Santa Cruz Biotechnology.
Cell growth and colony formation assays. Anchorage-dependent cell growth was determined by the CCK-8 Kit (Dojindo Laboratories, Kumamoto, JAPAN) according to the protocol of previous work. (17) For colony formation assay, transfected cells were seeded in 6-well plates at 2000 cells per well. Two weeks later, colonies were fixed with 4% paraformaldehyde and stained with crystal violet for 30 min. The number of colonies with diameters of more than 1.5 mm was scored.
Cell cycle analysis. Cell cycle analysis was carried out using flow cytometry as described previously. (18) Briefly, cells were fixed in 70% ethanol for approximately 18 h, washed with PBS, and treated with RNase A (0.2 mg ⁄ mL) in PBS. Propidium iodide was then added to the cell suspension. Samples were determined by a FACSCalibur Flow Cytometer (Becton Dickinson, New Jersey, USA).
Cell migration and invasion assays. Wound healing assays were carried out to examine cell migration. (19) Briefly, transfected cells grown in 6-well plates as confluent monolayers were mechanically scratched using a 1-mL pipette tip to create the wound. Cells were washed with PBS to remove the debris and were grown for 24 h to allow wound healing. Photographs were taken under an inverted phase-contrast fluorescence microscope (Olympus, Tokyo, Japan). Finally, the wound healing rates were calculated, and compared to the width at 0 h. Cell invasion was assessed with Matrigel (BD Biosciences) coated on the upper surface of the Transwell chamber (Corning, NY, USA) as described previously. (20) Cells invaded through the Matrigel membrane were fixed with 4% paraformaldehyde and stained with crystal violet. The number of invaded cells was counted in five randomly selected microscopic fields and photographed.
Statistical analysis. All in vitro experiments were carried out in triplicate and repeated three times. The difference of HPIP expression between gastric cancers and normal tissues was determined by Mann-Whitney U-test. Statistical significance in cell proliferation, migration, and invasion assays among constructs was assessed by two-tailed Student's t-test. The SPSS 17.0 statistical software Chicago, USA package was used to carry out the statistical analyses. P < 0.05 was considered statistically significant.
Results
Overexpression of HPIP in GC patients. We examined the expression of HPIP by IHC on tissues consisting of 103 pairs of human gastric tumors and adjacent normal gastric mucosa; HPIP was localized mainly in the cytoplasm. According to HPIP scores, HPIP expression was significantly overexpressed in GC patients (P = 1.92 9 10 À8 ) (Fig. 1a-c) . For paired tumor and normal tissues, in 71.9% (74 ⁄ 103) of patients, the expression levels of HPIP in tumors were higher than those in adjacent normal tissues. In 15.5% (16 ⁄ 103) of patients, the cancers expressed lower levels of HPIP than normal tissues, whereas in 12.6% (13 ⁄ 103) of patients, the expression levels of HPIP in tumors was relatively equal to that in normal tissues. The specificity of anti-HPIP antibody was verified by immunohistochemical staining of GC tissues incubated with anti-HPIP preincubated with its antigen (Fig. 1d) and immunoblotting of lysates from BCG823 and SGC7901 GC cells infected with HPIP shRNA (Fig. 1e) .
Correlation between HPIP and clinical parameters in human GC samples. To further investigate the clinical significance of HPIP, we determined the relationship between HPIP and clinical parameters in 103 GC patients. Pearson's v 2 -test showed that HPIP expression positively associated with tumor size and nodal metastasis, and negatively associated with tumor differentiation (Fig. 1f,g ), but did not correlate with age, gender, or histological type (Table 1) .
Gastric cancer cell proliferation enhanced by HPIP. Next, the effect of HPIP on anchorage-dependent growth of GC cells was examined. All four GC cell lines (BGC823, MGC803, SGC7901, and MKN-1) tested expressed similar levels of endogenous HPIP protein (Fig. 2a) . Thus, to investigate the role of HPIP in GC, we chose both BGC823 and SGC7901 cell lines to overexpress and knockdown HPIP. As expected, BGC823 and SGC7901 cells infected with HPIP-expressing lentivirus grew much faster than those infected with empty vector (Fig. 2b) , whereas BGC823 and SGC7901 cells infected with HPIP shRNA grew more slowly than those transfected with control shRNA (Fig. 2c) . Furthermore, colony formation assays indicated that overexpression of HPIP in BGC823 and SGC7901 cells increased colony number and colony size (Fig. 2d) , whereas knockdown of HPIP with HPIP shRNA in BGC823 and SGC7901 cells decreased the colony number and size (Fig. 2e) . Taken together, these results indicated that HPIP enhances the proliferation and colony formation of GC cells. (Fig. 3a) (Fig. 3b) . Similar results were obtained in SGC7901 cells (Fig. 3e,g ). These results indicate that HPIP stimulates both the G 1 ⁄ S and G 2 ⁄ M transitions in GC cells.
Expression of G 1 and G 2 phase-related proteins in GC cells modulated by HPIP. As HPIP modulates cell cycle distribution, we determined the expression of several important cell cyclerelated proteins in HPIP knockdown or overexpressing GC cells. Overexpression of HPIP in BGC823 cells enhanced the expression of the G 1 ⁄ S phase markers cyclin D1 and cyclin A as well as the G 2 ⁄ M phase marker cyclin B1 (Fig. 3c ). In contrast, HPIP knockdown in BGC823 cells reduced the expression of cyclins D1, A, and B1 (Fig. 3d ).
Gastric cancer cell migration and invasion enhanced by HPIP.
Wound healing assays were carried out to evaluate the effect of HPIP on GC cell migration. Overexpression of HPIP in BGC823 and SGC7901 cells increased migration ability (Fig. 4a,b) , while HPIP knockdown in these cells inhibited migration ability (Fig. 4c,d ). The Transwell invasion assay showed that HPIP overexpression in BGC823 cells increased the number of invaded cells (Fig. 4e) , whereas HPIP knockdown in BGC823 cells decreased the number of invaded cells (Fig. 4f) .
Epithelial-mesenchymal transition of GC cells promoted by HPIP. As EMT is well known to be involved in invasion and metastasis of cancer cells, (21) (22) (23) we tested the effects of HPIP on EMT in GC cells. Consistent with the results of HPIP modulation of GC cell migration and invasion, HPIP overexpression induced EMT, with the activation of morphologic changes from a polarized epithelial phenotype to an elongated fibroblastoid phenotype (Fig. 5a) . Opposite results were seen in HPIP knockdown cells (Fig. 5b) . Furthermore, HPIP overexpression reduced the expression of the epithelial marker E-cadherin and increased that of N-cadherin and vimentin, two mesenchymal markers (Fig. 5a, right panel) . Again, opposite results were observed in HPIP knockdown cells (Fig. 5b, right  panel) . (Fig. 6a) , compared with the control shRNA group. In addition, the BGC823 tumors with HPIP shRNA showed decreased expression of HPIP, cyclins D1, A, and B1, and Ncadherin, and increased expression of E-cadherin (Fig. 6b) .
Discussion
Gastric cancer is one of the leading causes of cancer death worldwide, with hundreds of thousands of newly diagnosed cases as well as related deaths per year. (21) Improved understanding of this deadly cancer at the basic molecular level is particularly needed. Although HPIP has been shown to be involved in the development and progression of several cancers, (10) (11) (12) (13) (14) the importance of HPIP in gastric cancer is still unclear. In this study, we showed for the first time a These findings suggest that HPIP may contribute to gastric carcinogenesis and metastasis. Hematopoietic pre-B cell leukemia transcription factor interacting protein was shown to be overexpressed in patients with breast infiltrative ductal carcinoma. The protein physically interacts with estrogen receptor a and functionally modulates estrogen signaling. Thus, HPIP promotes breast cancer cell growth through enhanced estrogen signaling. It also interacts with focal adhesion (FA) complex containing FA kinase (FAK), stimulates FAK, and promotes breast cancer cell migration in a FAK-dependent manner. (11) Hematopoietic pre-B cell leukemia transcription factor interacting protein is also overexpressed in liver cancer patients. It regulates hepatoma cell proliferation through G 2 ⁄ M cell cycle activation and enhances anchorage-dependent and -independent growth of human liver cancer cells. Overexpression of HPIP increases hepatoma cell proliferation, migration, and invasion, and promotes EMT through regulation of mTOR signaling. (14, 16) Similar to upregulation of HPIP expression in breast and liver cancer patients, upregulation of HPIP expression has also been reported in glioma and oral squamous cell carcinoma. (12, 13) Knockdown of HPIP reduces glioma cell viability and motility through rearrangements of the actin cytoskeleton. Our study showed that HPIP is overexpressed in GC patients, and associates with tumor size, nodal metastasis, and differentiation in GC patients. Similar to HPIP overexpression in liver cancer cells, HPIP overexpression in GC cells enhances cell proliferation, migration, and invasion, and induces EMT. Combined with previous findings, our data establish HPIP as an important oncogene. Thus, HPIP inhibition may be a useful therapeutic strategy for GC treatment. Those HPIP-specific siRNAs or microRNAs (miRNAs) that target HPIP, such as miR-148a, which has been shown to inhibit HPIP expression, might be developed to treat HPIP-overexpressing GC patients by repressing HPIP expression. These molecules might be chemically modified, and might be produced in the form of liposome formulations, nanoparticles, and targeting moieties. Small chemical molecules might also be developed to inhibit GC cell growth by reducing the HPIP protein level.
One of the most important factors predicting outcome of patients with GC is the status of lymph node metastasis. Several staging systems for GC are based on this parameter, such as the staging system of the American Joint Committee on Cancer and the International Union Against Cancer published in 1997. (22, 23) In addition to lymph node metastasis, differentiation of GC has been more and more emphasized in assessing tumor progression and outcome of GC patients. Several research groups show that the 5-year survival rate is higher in GC patients with intestinal type of cancer (differentiated type) than in those with diffuse type of cancer (undifferentiated type), and the 5-year survival rate is higher in GC patients with expanding type cancer (differentiated type) than in those with infiltrative type cancer (undifferentiated type). (24, 25) Adachi et al. (26) further demonstrated that differentiation is one of the independent prognostic factors among the pathologic variables of GC using multivariate analysis. Although HPIP has been shown to be upregulated in breast infiltrative ductal carcinoma, colorectal cancer, (27) liver cancer, astrocytoma, and oral squamous cell carcinoma (OSCC), correlation of HPIP expression with lymph node metastasis and differentiation is unclear in all of these cancers except OSCC. There is no significant association between HPIP and lymph node metastasis and differentiation in OSCC. In our study, we show that HPIP expression is correlated with differentiation negatively and with nodal metastasis positively. As differentiation and nodal metastasis are two of the most important pathologic variables in cancer patients, our data indicate that HPIP may play a key role in predicting poor clinical outcome in GC patients.
Metastasis is the major cause for the high mortality rate of gastric cancer. Epithelial-mesenchymal transition is a fundamental process in embryonic development and is considered as an important step leading to tumor invasion and metastasis. (28) (29) (30) The most observed character of EMT is that cells take on a spindle-like morphology and experience loss of epithelial cell markers, such as E-cadherin, and gain of mesenchymal markers, including N-cadherin and vimentin. (31) (32) (33) (34) Our study showed that HPIP regulates morphologic change in GC cells, accompanied by alterations in the expression of epithelial and mesenchymal markers. It will be interesting to investigate how HPIP modulates GC cell EMT and metastasis in more detail.
We previously showed that HPIP is a direct target of miRNA-148a, which was downregulated in liver cancer patients. MicroRNA-148a has also been shown to be significantly downregulated in GC tissues compared to adjacent normal gastric tissues. In addition, downregulated miR-148a in GC significantly correlates with TNM stage, lymph node metastasis and poor clinical outcome. Functionally, overexpression of miR-148a suppresses GC cell invasion and metastasis in vitro and lung metastasis formation in vivo. (35) As in GC patients, miR-148a expression is downregulated (previous study) and HPIP expression is upregulated (this study); it could be expected that expression of miR-148a might be inversely correlated with HPIP expression in GC.
